Abstract-Synthesis of ultrawideband (UWB) antennas by means of a particle swarm optimizer (PSO)-driven spline-based shaping approach is described. In order to devise a reliable and effective solution, such a topic is analyzed according to different perspectives: 1) representation of the antenna shape with a simple and efficient description; 2) definition of a suitable description of the UWB Tx/Rx system; 3) formulation of the synthesis problem in terms of an optimization one; 4) integration of the modelling of the UWB system into a computationally efficient minimization procedure. As a result, an innovative synthesis technique based on the PSO-based iterative evolution of suitable shape descriptors is carefully detailed. To assess the effectiveness of the proposed method, a set of representative numerical simulations are performed and the results are compared with the measurements from experimental prototypes built according to the design specifications coming from the optimization procedure. To focus on the main advantages and features of the proposed approach, comparisons with the results obtained with a standard parametric approach are reported, as well.
I. INTRODUCTION
U LTRAWIDEBAND (UWB) is a term commonly used to describe awireless technology where very short low-power time pulses, which occupy a very large frequency bandwidth, are transmitted/received. Such a communication technique allows high transmission data-rates, multipath immunity, low probability of intercept, and low power consumption. Moreover, it enables the possibility for a single system to simultaneously operate in different ways (e.g., as a communication device, a locator or a radar) [1] . Since the US Federal Communication Commission (FCC) revision on UWB transmissions in 2002 [2] and the Electronic Communications Committee (ECC) decision in Europe about the use of UWB technologies [3] , the design of UWB systems has drawn a considerable attention becoming a key topic in the framework of wireless communications.
As far as the radiating subsystem is concerned, unlike conventional narrowband systems where modulated sinusoidal waveforms occupy small portions of the frequency spectrum, the assumption of a uniform behavior of the antenna is no longer reliable when dealing with UWB frequency bandwidths and the Manuscript received August 10, 2007 ; revised May 1, 2008 . Published August 6, 2008 (projected) .
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Digital Object Identifier 10.1109/TAP.2008.927544 distortion of the transmitted time-domain pulses should be taken into account and carefully prevented. Consequently, UWB antennas turn out to be critical components of the whole system and their electrical parameters need an accurate optimization in a wide range of frequencies to minimize/reduce the signal distortions. In order to properly address such an issue, suitable techniques are necessary since a standard synthesis process aimed at determining classical frequency-domain parameters of both the transmitting antenna and the receiving one (e.g., gain, radiation patterns, reflection coefficients, and polarization) is not enough to ensure the distortionless of the UWB system and the correct transmission/reception of time-domain pulses. More specifically, the design of an UWB antenna requires customized synthesis techniques to satisfy the UWB requirements [4] as well as proper analysis tools for an accurate description of the antenna behaviors in the time domain [5] . Generally speaking, two main methodologies for the antenna design can be usually recognized. The former, indicated as parametric approach, considers a reference shape defined by a fixed number of geometric descriptors to be optimized to satisfy the project guidelines. In such a framework, different examples of UWB antennas have been studied starting from simple shapes as triangular [6] , circular disc [7] , annular ring [8] , rectangular structure [9] , diamond [10] , [11] , and bow-tie [12] . On the other hand, the so-called building-block approach synthesizes the antenna geometry through a suitable combination of elementary building-blocks as shown in [13] and [14] .
In this paper, by exploiting the best features of both approaches, an innovative UWB antenna synthesis method, whose preliminary results have been presented in [15] , is carefully described and analyzed. In order to design UWB antennas that meet the user needs, both the simplicity in describing some geometrical characteristics (e.g., the feedline extension, the groundplane, and substrate dimensions) of the parametric approach and the flexibility of a mother structure-based method are necessary to allow a fast and effective synthesis procedure. Moreover, there is the need to integrate the synthesis technique with an analysis method aimed at evaluating not only the impedance bandwidth and radiation properties but also taking into account the effects of the propagation channel on the UWB system. Towards this end, both the transmitting antenna and the receiving one are considered to simulate the whole system.
The outline of the paper is as follows. Section II gives a description of the proposed approach focusing on the representation of the antenna shape as well as on the analysis method. As for the assessment, a set of numerical and experimental results are reported and discussed (Section III). Final comments and conclusions follow in Section IV. 
II. MATHEMATICAL FORMULATION
The UWB antenna synthesis problem is formulated in terms of an optimization one where a set of unknown representative descriptors are tuned through an iterative process aimed at fitting suitable requirements/constraints on the electrical behavior in the UWB bandwidth [2] , [3] . Towards this end, a spline-based [16] shape generator and a PSO procedure [17] are used to define the convergent succession of trial solutions. By using a set of "control points" and geometrical descriptors to code the antenna shape representation, a set of trial geometries is evaluated at each iteration and updated through the PSO strategy until a suitable matching between estimated and required specifications is obtained. As far as the electrical behavior of each trial shape is concerned, a method of moments (MoM)-based [18] electromagnetic simulator, developed at the Electromagnetic Diagnostic Laboratory (ELEDIA) of the University of Trento and implemented following the guidelines in [19] and [20] , is used to simulate both the transmitting antenna and the receiving one (assumed of identical shapes) as well as the propagation channel.
For the sake of clarity, the key-points of the proposed approach are detailed in Sections II-A-C.
A. UWB Antenna Shape Representation
The first issue, addressed in dealing with UWB antenna synthesis, is concerned with a suitable and flexible representation of the antenna shape. To this end, there is the need to provide an antenna geometry generator (AGG) able to model a wide set of planar patch structures as a function of a small number of optimization variables. Accordingly, a combination of "parametric" descriptors and spline curves [16] (assumed as "building blocks") seems to be a good solution. In particular, some antenna features are expressed in terms of the values of geometrical parameters in fixed ranges. In particular, the feedline is assumed of rectangular shape as well as both the groundplane and the substrate (Fig. 1) . Those parts are fully determined by fixing their extensions (i.e., their lengths and widths). The description of the antenna geometry is completed by a spline-based representation aimed at coding complex contours by means of a limited set of control points.
By assuming a symmetry with respect to the -plane, only one half of the physical structure of the antenna has to be modeled. Let (1) be the set of parametric descriptors. More specifically, is the substrate length, is one half of the substrate width, is one half of the feed-line width, and is the length of the groundplane. Moreover, , and being fixed constants that define the range of admissible variation of the th descriptor. As for the remaining part of the antenna geometry, let be the mathematical description of the B-spline patch perimeter as a function of the curvilinear coordinate . Such a curve turns out to be the linear combination of -degree polynomials as follows: (2) where , , denotes the th control point whose Cartesian coordinates are . In order to avoid the generation of unrealistic structures, the following constraints are imposed, as well:
and . According to such a representation, a trial antenna shape is the result of the application of the operator AGG where (3) codes the set of variables, to be optimized to fulfill the UWB project requirements, which unequivocally identifies the corresponding geometrical model of .
B. UWB Antenna System Characterization
The second step to be faced consists in identifying a fast and reliable numerical procedure to evaluate the electric behavior of each trial shape. Because of the very large frequency band of operation of UWB systems and the transmission/reception of short time pulses, a natural approach would consider a timedomain description. However, from an experimental point-ofview, a frequency domain analysis could be preferable because of the higher achievable measurement accuracy [21] .
Taking into account these considerations, a time domain representation is initially adopted to define the requirements of the transmitting-receiving antenna system. Then, these requirements are "translated" in the frequency domain using the scattering parameters representation to deal with physical quantities experimentally-detectable in a straightforward and accurate way.
In order to have a distortionless behavior, the frequency domain transfer function (i.e., the ratio between the voltages at the input and the output ports of the Tx/Rx antenna system) should Under good impedance matching conditions [22] , [23] , the transfer function can be approximated with the scattering coefficient . Notwithstanding such a computation usually needs the numerical modelling of the whole transmitting/receiving antenna system with a very expensive and time-consuming computational procedure. To simplify the numerical model and to reduce the computational burden, let us consider a simple method analogous to the so-called Purcell antenna gain measurement method [24] . More specifically, the two-antenna system [ Fig. 2(a) ] is substituted by an antenna and a reflecting surface located just in front of the transmitting device at a distance equal to one half of the Tx/Rx distance [ Fig. 2(b) ]. Although such an operation cannot always be performed (since an image antenna is not generally identical to the original one even though a perfectly reflecting surface of infinite area is considered [25] ), however the antenna system under test fully satisfies the method hypotheses because of the axial symmetry of the reference shape (Fig. 1) . Consequently, after simple manipulations, the mutual scattering coefficient can be expressed as follows: (4) where is the input reflection coefficient of the original antenna system [ Fig. 2(a) ], while is the same quantity, but in the image configuration [ Fig. 2(c) ].
Moreover, under the assumptions of antennas with negligible structural scattering contributions [21] , the evaluation of can be carried out by considering a single antenna that radiates in free space [ Fig. 2(d) ] (5) Accordingly, it appears that (6) In such a way, the whole system can be modeled by means of a single antenna instead of both transmitting and receiving devices and the parameter can be directly estimated from the value of with and without the presence of an infinite metallic plate.
C. PSO-Based Optimization of the UWB Antenna Shape
Once an effective method to characterize a trial shape of the UWB antenna is available, there is the need to define an evolution strategy able to guide the synthesis process to a final design that fully satisfies the project guidelines and constraints defined by the user. To this end, let us reformulate the synthesis problem as an optimization one where a suitable cost function is minimized according to a PSO-based strategy (7) to determine the final shape of the UWB antenna.
In general, evolutionary algorithms use the concept of "fitness" to represent how well a particular solution comply with the design objective. The degree of fitness to the problem at hand of each trial solution is equal to the corresponding value of the cost function. Since the design objective is to synthesize a UWB system characterized by good impedance matching conditions and by distortionless properties, the cost function is accordingly defined.
Let and be the lowest and highest frequency of the band of interest, respectively. As far as the impedance matching is concerned, the following constraint is imposed (8) where the superscript " " denotes the target value of the design specification. Moreover, by assuming that (8) holds true and that , the conditions for a distortionless system can be reformulated in terms of: 1) a constraint on the magnitude of [Condition (a)-Flat amplitude response]
where , and 2) another constraint on the group delay [Condition (b)-Constant group delay] (10) where , . Starting from these conditions on the scattering parameters, the cost function, which maps the design specifications into a fitness index, is defined as follows: (11) where (12) (13) (14) being the Heaviside function (15) As far as the -based sampling of the solution space is concerned, each particle of the swarm of dimension codes a candidate solution of the optimization problem. At each iteration of the minimization process, each particle moves closer to its own best position found so far (indicated as personal best position) as well as towards the position of the best particle of the swarm, (referred to as global best position) [17] according to the rules of evolution of the PSO [26] . Starting from a swarm of particles randomly chosen (i.e., a random choice of the control points of the initial shapes without imposing a reference shape), the process stops whether or when , being a user-defined threshold. Then, and .
III. NUMERICAL RESULTS
In this section, a selected set of numerical results from several experiments is reported to show the behavior of the synthesis method as well as to assess its reliability and efficiency in fitting the design requirements.
Whatever the test case or experiment, if it is not specified, the project constraints have been fixed to ,
, and to guarantee suitable performances of the synthesized UWB antenna systems. As for the stochastic optimizer, a population of particles has been used and the convergence threshold has been fixed to with the maximum number of iterations equal to . Moreover, the values of the control parameters have been fixed to and . They have been selected according to the suggestions given in the reference literature where they have been found to provide good performance. For a more detailed study of convergence characteristics in correspondence with different values of these parameters, please refer to [27] .
The first test case is about the synthesis of an UWB antenna operating in the range and compliant with the guidelines of the Electronic Communications Committee (ECC) [3] . Such an experiment is aimed at analyzing the behavior of the optimization process both in terms of convergence and evolution of the antenna shape. Starting from a randomly generated perimeter [ - Fig. 3(a) ] characterized by control points, which does not fit at all the design objectives (Fig. 4) as confirmed by the value of the cost function (i.e., ), the trial solution improves until the convergence configuration [ Fig. 3(d) ] is found. In order to point out the main advantages of the proposed spline-based method over a parametric optimization approach, the same problem (in terms of user requirements) has been addressed by considering the reference circular geometry shown in Fig. 5 . The same PSO algorithm has been used to modify the unknown parameters . Figs. 6 and 7 show the evolution of the trial geometry and the corresponding scattering values during the optimization process, respectively. As it can be noticed, although the maximum number of iterations has been performed, the convergence solution does not fit the whole set of project requirements . Concerning the computational issues, the plot of the cost function in correspondence with the parametric approach is compared in Fig. 8 with that of the proposed approach. Besides the wider set of possible solutions, the spline-based technique turns out to be more efficient in sampling the solution space since a better solution is reached in just iterations. Let us now analyze the dependence of the iterative process on the dimension of the solution space. Since the generation of the spline geometry strictly depends on the number of control points that also defines the dimension of the solution space, some simulations have been performed by varying . As a general rule, a small number of control points would decrease the dimension of the solution space allowing a faster search, but at the cost of a reduced capacity of representing complex contours. On the contrary, a larger number of control points would allow the description of a wider set of geometries and of more complex antenna shapes, even though with a higher computational burden and the need to enlarge the dimension of the swarm to fully exploit the additional degrees of freedom. In order to better understand the behavior of the optimization in correspondence with different values of , let us consider the following quality indexes: (18) where the superscript " " indicates the mean value, over the frequency band , of the scattering parameters at the convergence . Fig. 9 shows the values of the quality indexes versus as well as the plot of . As expected, the number of iterations needed to find a convergence solution increases with since the solution space becomes larger. However, the quality indexes do not proportionally improve and the optimal tradeoff between computational costs and solution efficiency turns out to be at control points. In the following, this value will be assumed as reference.
After the analysis on the optimization process and on the sensitivity of the method to the antenna shape descriptors, the second part of this section is devoted to present the results from the numerical and experimental assessment. For the experimental validation, a set of antenna prototypes has been built according to the results from the numerical simulations by means of a photo-lithographic printing circuit technology and considering an Arlon substrate of thickness 0.78 mm as dielectric support. Concerning the measurements, each prototype has been fed with a coaxial line, equipped with an SMA connector, connected at the input port (Fig. 1) . Moreover, an Anritsu Vector Network Analyzer (37397D Lightning) has been used to collect the data in a non-controlled environment and the measurements of the parameter have been performed by considering a distance of between two identical (Tx/Rx) antenna prototypes [28] . Because of the operating frequencies of UWB systems and the dimensions of the prototypes, the antennas can be reasonably considered in the far field region of each other.
The second test case deals with the synthesis of a UWB antenna that operates in the frequency range and complies with the FCC standard. The values of the antenna descriptors obtained by the -based optimization procedure are given in Table I and the prototype of the antenna   TABLE I  TEST CASE is shown in Fig. 10 . As for the electric performances, Fig. 11 shows the simulated and measured behaviors of the parameters and of the group delay . As it can be observed, the antenna fits the project requirements from up to (i.e., within the FCC mask [2] ) and the bandwidth turns out to be of (the fractional bandwidth being equal to 76.9% according to [2] ) from simulated as well as measured data. In particular,
[ Fig. 11(a) ], the widest variation of the magnitude of is less than 5 dB Table I ], and [ Fig. 11(d) ]. Given the separation between the antennas, the achieved values for are reasonable and in agreement with the values obtained from the Friis formula. As regards to the dependence of on the distance between the two antenna prototypes, the increase of the separation distance turns out in a shift of the plot towards lower values. As a consequence, the value of does not present significant variations with the distance.
As far as the group delay is concerned, although in a reasonable accordance with simulations, measured data present larger fluctuations probably caused by the non-controlled environment where the experimental measurements have been carried out. Nevertheless, the flat behaviors of the magnitude of and of the group delay, or equivalently the linear trend of the phase of [ Fig. 11(c) ], assure that the synthesized antenna is suitable for UWB communications where a transmitted signal should not be distorted.
The last example is concerned with a more challenging problem where a wider frequency band is required (i.e., , ) and a further constraint on the dimension of the antenna is imposed for a more easy integration in commercial products (i.e., and ), even though a smaller threshold on the amplitude of is fixed . The descriptive parameters and the main electrical indexes of the synthesized antenna are summarized in Table II . Moreover, the plots of the electrical parameters over the whole frequency range are reported in Fig. 12 . As expected, the antenna performances generally degrade compared to that of the previous example due to the increased band. As a matter of fact, the designed antenna has a fractional bandwidth of 85.7%. However, the maximum variation of is of just about 0.15 ns (simulated data) and the dimensions of the antenna are very moderate ( and ). On the other hand, turns out to be slightly greater than the desired value ( vs. ) since the maximum number of iterations has been reached and the convergence criterion has not been satisfied. Probably, a greater dimension of the swarm and a larger number of iterations would be enough to carefully match also such a constraint, but such a setup would require very expensive computations.
The comparison between the simulation result and the data measured from the prototype (Fig. 13) further confirm the reliability of the synthesis procedure. As a matter of fact, there is an acceptable agreement between the two plots ( Fig. 12 ) despite some reflection contributions [ Fig. 12(a) ] added by the non-controlled measurement environment.
IV. CONCLUSION
In this paper, an innovative synthesis approach based on the use of a spline-based representation for UWB antennas has been presented. The final shape of the antenna is determined by means of a PSO-based optimization procedure that exploits a suitable and computationally efficient electromagnetic representation of the whole Tx/Rx UWB system. The assessment has been conducted on different test cases. First, the proposed technique has been tested by considering numerical examples to show the features and the behavior of the iterative procedure. In order to point out some of the main advantages of the proposed method, the same test case has been addressed with a parametric approach, as well. Second, we have analyzed the dependence of the synthesis method on the descriptors of the antenna shape. Finally, the synthesis results have been verified with some comparisons with the experimental data measured from the antenna prototypes.
The conclusion, which is derived from all the numerical and experimental results obtained, is that the proposed approach represents a very promising methodology for UWB antenna design because of its flexibility in dealing with different user-defined requirements (e.g., Test Case 1 and Test Case 2) as well as its computational efficiency. His main research interests are in the framework of antenna synthesis and design, wireless sensor networks and electromagnetic inverse scattering.
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